L-Glutamate is the major excitatory neurotransmitter in the mammalian CNS (Watkins and Evans 198 1; Foster and Fagg, 1984). Electrophysiological evidence indicates that the excitatory action of L-glutamate is mediated by at least three subtypes of receptors named according to the agonists N-methyl-Daspartate (NMDA), quisqualate, and kainate which preferentially excite them. The NMDA receptor subtype is well characterized, and both competitive (Davies et al., 1986) and noncompetitive (Anis et al., 1983; Wong et al., 1986) NMDA receptor antagonists have been described. In contrast, studies of the non-NMDA receptors, the quisqualate and kainate receptors, have been limited by the lack of potent and selective antagonists.
L-Glutamate is the major excitatory neurotransmitter in the mammalian CNS (Watkins and Evans 198 1; Foster and Fagg, 1984) . Electrophysiological evidence indicates that the excitatory action of L-glutamate is mediated by at least three subtypes of receptors named according to the agonists N-methyl-Daspartate (NMDA), quisqualate, and kainate which preferentially excite them. The NMDA receptor subtype is well characterized, and both competitive (Davies et al., 1986) and noncompetitive (Anis et al., 1983; Wong et al., 1986 ) NMDA receptor antagonists have been described. In contrast, studies of the non-NMDA receptors, the quisqualate and kainate receptors, have been limited by the lack of potent and selective antagonists.
In receptor binding studies the three receptor subtypes appear to be labeled directly by the NMDA antagonists [ 3H]3-(2-carboxypiperazin-4-yl)propyl-1 -phosphonic acid ([3H]CPP) (Murphy et al., 1987~) and ~is-[~H]4-phosphonomethyl-2-piperidine carboxylic acid ([3H]CGS 19755) (Murphy et al., 1988) , 13H]kainate (Monaghan and Cotman, 1982) , and the quisqualate agonist (R,S)-[3H]a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid ([3H]AMPA) (HOnor6 et al., 1982; Honor6 and Nielsen, 1985; Olsen et al., 1987; Murphy et al., 1987b) , respectively. The anatomical distribution of the three glutamate receptor subtypes in rat brain sections can be imaged selectively using L-[ 3H] glutamate as radioligand and specific incubation conditions and competitors (Greenamyre et al., 1985) . The quisqualate receptor appears to be labeled specifically by [3H]AMPA (Monaghan et al., 1984; Rainbow et al., 1984; Nielsen et al., 1988) . The kainate subtype can be selectively labeled by [3H] kainate (Monaghan and Cotman, 1982; Unnerstall and Wamsley, 1983) .
Recently, two potent competitive non-NMDA receptor antagonists-6,7-dinitro-quinoxaline-2,3-dione (DNQX) and 6-cyano-7-nitro-quinoxaline-2,3-dione (CNQX)-have been developed . DNQX and CNQX inhibit [3H] AMPA binding at submicromolar concentrations, have a fivefold weaker action at kainate receptors, have no effect on binding to other neurotransmitter rcceptors Honor6 et al., 19896) , and are potent competitive antagonists of quisqualate-and kainate-induced y-[ 'Hlaminobutyric acid release from cultured mouse cortical neurones with weaker effects on NMDA responses (Drejer and Honor&, 1988) . DNQX and CNQX also block responses to quisqualate-and kainate-induced 22Na flux from striatal slices more effectively than responses to NMDA (Drejer and Honor; , and selectively block the excitatory action of quisqualate and kainate in spinal neurons with little or no effect on that of NMDA Fletcher et al., 1988) . In rat hippocampal and neocortical slices, CNQX and DNQX block acidic amino acid-induced depolarizations and synaptic components mediated by non-NMDA receptors (Blake et al., 1988; Fletcher et al., 1988) .
The purpose of the present study was to determine the location of binding sites for the non-NMDA receptor antagonist [3H]CNQX within the mammalian brain and to establish the pharmacological relevance of these antagonist binding sites by making a comparison with the pharmacology and distribution of non-NMDA receptors labeled by the agonist [3H]AMPA. To achieve this an in vitro quantitative receptor autoradiographic technique for [3H]CNQX has been developed using rat brain sections. Furthermore, the anatomical relationship between quisqualate-sensitive L-[3H]glutamate, [3H]AMPA, and [3H]CNQX binding is described. 
MATERIALS AND METHODS

Materials
Tissue preparation
Male Wistar rats (175-225 g) were decapitated, and the brains quickly removed, mounted with Tissue-Tek embedding matrix on a specimen stage, and frozen under powdered dry ice. The frozen brains were cut into 20-pm horizontal sections at -15°C on a Leitz cryostat (Leitz, Wetzlar, F.R.G.) and thaw-mounted onto chrome alum/gelatin-subbed slides. Sections were stored for less than 24 h at -20°C. To remove endogenous glutamate, all sections underwent a wash for 30 min at 2°C in either 50 mM Tris-HC1 buffer (Tris-HCl), pH 7.20, or 50 mM Tris-acetate bufler (Tris-Ac), pH 7.20. Sections were blown dry under a stream of room temperature air.
Autoradiography
A detailed description of the method for glutamate receptor autoradiography has been published by Greenamyre et al. (1984) . In brief, in competition studies tissues were incubated for 45 min at 2°C in 50 mMTris-HCI+ 2. (Greenamyre et al., 1984; Cha et al., 1988 Cha et al., , 1989 . When quisqualate competition studies were performed in the presence of 100 pMNMDA the number of low-affinity quisqualate sites was selectively reduced without affecting the density of high-affinity sites (Greenamyre et al., 1985) . For regional distribution studies, sections were incubated in 50 mMTris-HC1 + 2.5 mMCaClz and 100 pM h-MDA.
In experiments examining the effects of Ca2' and C1-, these ions were added as acetate and Tris salts, respectively. Thiocyanate ions were added as potassium thiocyanate (KSCN). Nonspecific binding was determined under each ionic condition.
[3H]AMPA binding was determined using identical methods previously used for measuring quisqualate receptors After the incubation, sections were rinsed quickly three times with cold buffer, then rinsed with cold 2.5% (vol/vol) glutaraldehyde in acetone. Sections incubated with ['HICNQX were rinsed quickly three times with cold buffer only. Sections were blown dry with warm air. The rinse/ drying procedure took less than 10 s.
[3H]Kainate binding (10 nM) was carried out at 2°C for 45 rnin in 50 mM Tris-Ac (pH 7.20). Nonspecific binding was determined in the presence of 1 mM L-glutamate. Sections were rinsed three times for 1 rnin in ice-cold buffer and dried with warm air.
Dried sections were placed in x-ray cassettes with appropriate radioactive standards (Pan et al., 1983) weeks. The optical densities of the resultant f i l m images were determined using an Amersham RAS-R1000 image analyzer.
The radioactivity was determined by a computer-generated polynomial regression analysis which compared film densities produced by the tissue sections to those produced by the radioactive standards. All data presented were analyzed densitometrically from autoradiographic images. Anatomical areas were localized using the atlas of Paxinos and Watson (1 982).
Photographs of autoradiograms were prepared from images digitized on the RAS-R1000 video processing system. K,, Bmax, and Ki values were generated by the Kinetic, EBDA, LIGAND, and Lowry program from Elsevier-Biosoft.
RESULTS
The molecular layer of the cerebellum is known to have the highest proportion of quisqualate-sensitive sites relative to total ~-[~H]glutamate binding; 79% of L-[3H]glutamate binding can be displaced by 2.5 jJ4 quisqualate . Only [3H]AMPA and [3H]CNQX binding data from cerebellar molecular layer are presented. However, these data are representative for the stratum radiatum of CA 1, molecular layer of dentate gyrus, striatum, and the outer layers of cerebral cortex. 
Binding parameters of [3H]CNQX binding
The binding of 50 nM [3H]CNQX attained equilibrium after a 30-min incubation at 2°C in the striaturn and stratum radiatum of hippocampus whereas the molecular layer of cerebellum and cortex attained equilibrium after 15 min of incubation ( Fig. 1 ) and remained stable for at least 2 h. An incubation time of 45 min was chosen for future experiments. The "specific" binding accounted for 70% of the total binding. The best fit to the experimental values was monoexponential on-kinetics with kobs of 0.20 min-'. This binding was fully reversible (Fig. 1) and the off-kinetics were apparently monoexponential with k-, of 0.085 min-'. Calculation of k, to 2.06 X lo6 M-' min-' gave a KD of 41 nM.
[3H]CNQX labeled high-affinity binding sites in rat brain in a saturable manner (Fig. 2) . Scatchard analysis of saturation data ( 1 nM-1 p M ) in the molecular layer of cerebellum indicated that [ 3H]CNQX apparently bound to a single population of sites (Fig. 2) with KD = 67 f 9.0 nM and B,,, = 3.56 k 0.34 pmol/mg protein.
[3H]CNQX binding was increased by chloride ions (Table 1 ) whereas the effect of calcium was not significant. The presence of KSCN in all cases decreased the total binding (Table 1) without changing the relative regional distribution (data not shown).
Inhibition of [3H]CNQX binding
Competition experiments were performed to evaluate the pharmacology of the sites labeled by [3H]CNQX. Displacement of [3H]CNQX binding by L-glutamate in the cerebellar molecular layer gave a monophasic inhibition curve with K i of 5.5 2 0.9 pM ( Fig. 3; Table 2 ). from Nielsen et al. (1988) .
A biphasic curve was obtained using AMPA as inhibitor of [3H]CNQX binding. The curve could be resolved into two binding sites (Fig. 3) . The Ki values of these sites were calculated to 15 k 7 nM and 4.6 f 0.9 pA4 ( p < 0.00 1, F test, Table 2 ). In the molecular layer of cerebellum, approximately 25% of the sites were of the high-affinity type and the remainder had low affinity for AMPA. Apparently, [3H]CNQX labeled at least two distinct sites, which were indistinguishable in saturation binding studies, i.e., CNQX had the same affinity to the two sites, which could be resolved by AMPA.
Quisqualate and kainate inhibited the binding of [3H]CNQX in the molecular layer of cerebellum with a Ki of 0.77 f 0.05 pM and 20 k 3 pM, respectively ( Table 2) . No specific [3H]CNQX binding remained in the presence of 100 pM of the above mentioned displacers. NMDA had very low affinity for the [3H]CNQX binding site (Table 2) .
Ki values in the molecular layer of cerebellum were essentially identical to those values obtained in other brain areas.
Regional distribution of [3H]CNQX binding
[3H]CNQX binding sites were distributed unevenly in rat brain sections. An example of the pattern of distribution is illustrated in Fig. 4 . Note the high concentration of binding sites in the hippocampal formation, cerebral cortex, and cerebellar molecular layer with much lower levels in the granule cell layer of cerebellum and thalamus. Densitometric analysis of autoradiograms from serial sections obtained from four rats indicated that the highest concentration of specifically bound [3H]CNQX occurred in the stratum rddiatum of CA 1. A summary of the mean data from 1 1 brain regions is shown in Table 3 . (Fig. 5) .
Investigations of the pharmacological specificity of the [3H]AMPA binding site in the presence of KSCN revealed that quisqualate and AMPA were the most potent inhibitors ( (Greenamyre et al., 1985; Cha et al., 1988; Nielsen et al., 1988) . 
DISCUSSION
Autoradiographic studies of excitatory amino acid receptors have provided important information concerning the localization and pharmacological properties of these receptors in mammalian brain (Monaghan et al., 1983 (Monaghan et al., , 1985 Greenamyre et al., 1984 Greenamyre et al., , 1985 . As previously reported the total glutamate binding sites can be investigated by use of ~-[~H]glutamate (Greenamyre et al., 1983; Halpain et al., 1983; Monaghan et al., 1983) . Unlabeled glutamate inhibits ~-['H]glutamate binding in a monophasic fashion, consistent with the possibility that glutamate interacts with a single class of receptors (Greenamyre et al., 1983 (Greenamyre et al., , 1984 (Greenamyre et al., , 1985 Halpain et al., 1983) . Quisqualate displaces L-[~H]-glutamate binding in a biphasic manner, with the highand low-affinity components assumed to represent displacement of ~-['H]glutamate from quisqualate and NMDA receptors, respectively (Greenamyre et al., 1985; Foster and Fagg, 1987; Cha et al., 1988) .
Binding of the competitive non-NMDA receptor antagonist ['HICNQX is stimulated by the presence of chloride whereas calcium is ineffective and KSCN has an inhibitory effect ( Table I) . In contrast to L-['Hlglutamate (Table 1, Cha et al., 1988; [3H]AMPA saturation experiments in the absence of KSCN showed that [3H]AMPA binds to a single site. In the presence of KSCN the Scatchard plot was curvilinear, suggesting two binding sites (Fig. 5) . SCNapparently increases the density of binding sites, and the density of the high-affinity [3H]AMPA binding site in the presence of KSCN is of the same magnitude as the total density of the sites obtained in the absence of KSCN. These results are in agreement with previous homogenate studies ( . The chaotropic ion KSCN increases the affinity of the binding, but it is unknown whether the density of the sites is also increased by KSCN or some sitesjust have very low affinity and fast off-rate in the absence of KSCN.
The issue of whether KSCN produces a redistribution of AMPA sites between two different affinity states or whether low-and high-affinity AMPA sites represent two separate receptor sites cannot be resolved with the present autoradiographic data. Recently, the complex relationship between [3H]AMPA binding and the pres-2.5 n ence of KSCN has been intensively investigated in homogenates of rat brain . Here it was found that [3H]AMPA binding showed curvilinear Scatchard plots that could not be explained by assuming binding to two separate binding sites or by considering it due to cooperative interaction. A more likely explanation was that the quisqualate receptors exist in two states, one with high and one with low affinity for ['HIAMPA. The equilibrium between the two states of quisqualate receptors can be shifted by KSCN toward the conformation with high affinity for AMPA .
Saturation studies of ['HICNQX binding yielded linear Scatchard plots (Fig. 2 ) . These results suggest Five concentrations of each compound were used. Values are expressed as means f SEM of values from four rats. The assay was done in the presence of 100 mM KSCN using a final ligand concentration of 20 nM. .
Quisqualate has been shown to stimulate phosphoinositide (PI) metabolism in hippocampal slices (Nicoletti et al., 1986a; Palmer et al., 1988) , and in cerebellar (Nicoletti et al., 19866) and striatal cultures (Schmidt et al., 1987) . Recently, it has been reported that AMPA neither stimulates PI turnover nor blocks the PI turnover stimulated by quisqualate in hippocampal slices (Schoepp and Johnson, 1988) . Similar observations have been reported by Palmtr et al. ( 1988) in the neonatal rat hippocampal slice. Furthermore, CNQX had no significant effect on quisqualate-induced inositol phosphate formation. The quisqualate receptor that stimulates PI metabolism may correspond to one of the two quisqualate-sensitive receptors described in Xenopus oocytes (Verdoorn and Dingledine, 1988) . These data also suggest that there may be two subpopulations of quisqualate receptors: AMPA-sensitive and AMPA-insensitive or ionotropic and metabotropic receptors, respectively.
Despite the close similarity in the regional distribution of binding sites labeled by ~- [~H] Electrophysiological studies have shown that CNQX selectively blocks the excitatory action of both quisqualate and kainate on spinal neurons with little or no effect on that of NMDA . The relatively high densities of [ 3H]CNQX binding in CA3 of hippocampus, inner layers of cerebral cortex, and anterior cingulate cortex (Table 3) (Monaghan and Cotman, 1982) . However, monophasic inhibition curves were observed when [ 3H]CNQX binding in CA3, inner layers of cerebral cortex, and anterior cingulate cortex was displaced by kainate, and Ki values (data not shown) similar to the Ki value obtained in the cerebellar molecular layer (Table 2) were observed. Second, opposite to [3H] kainate binding where the high-affinity site was inhibited by calcium (Monaghan et al., 1986) (Honor6 et al., 1989a) . These results suggest that the [3H]CNQX binding site is different from the high-affinity calcium-sensitive [3H]kainate binding site, but may be identical to the low-affinity [3H]kainate site (= quisqualate receptors) (Greenamyre et al., 1985) . Consequently, the kainate-induced effects which can be antagonized by CNQX may not be mediated via the high-affinity kainate site, but rather via the low-affinity kainate site.
The distribution of ~-[~H]glutamate binding to NMDA sites (Table 6 ; Maragos et al., 1988) (Honor6 et al., 1989a) .
In summary, the anatomical distribution and pharmacological characteristics of L3H]AMPA and r3H]-CNQX binding suggest binding to quisqualate receptors.
